




NASA Technical Paper 1326 
L6AN COPY: RETURN TO 
AFWL TECHNICAL LlBRAH 
KIRTLAND AFB, N e  Me 
A Comparison of the Noise Produced 
by a Small Jet on a Moving Vehicle 
With That in a Free Jet 











TECH LIBRARY KAFB, NM 
I 111111 11111 11111 I11 lllll 111 l11l Il1 
0334428 
NASA Technical Paper 1326 
A Comparison of the Noise Produced 
by a Small Jet on a Moving Vehicle 
With That in a Free Jet 
Thomas D. Norum 




and Space Administration 




A 2.54-cm (1.00-in.)  nozz le  supp l i ed  wi th  n i t r o g e n  was mounted above an  
automobile  and d r i v e n  ove r  an  a s p h a l t  roadway p a s t  s t a t i o n a r y  microphones i n  an 
a t t empt  t o  q u a n t i f y  t h e  effects of t h e  v e h i c l e  motion on j e t  mixing no i se .  The 
nozz le  was then  tested i n  t h e  Langley anechoic  n o i s e  f a c i l i t y  w i t h  a large free 
je t  s imula t ing  t h e  r e l a t i v e  motion. The r e s u l t s  are compared f o r  these two 
methods of  i n v e s t i g a t i n g  forward speed effects  on j e t  mixing no i se .  
The nozz le  e x i t  Mach number was nominally 0.85 f o r  a l l  tests. I n  a d d i t i o n  
t o  s t a t i c  r u n s ,  t h e  v e h i c l e  was d r iven  a t  speeds  cor responding  t o  Mach numbers 
of 0.04, 0.08, and 0.12, whereas the free j e t  w a s  run  a t  Mach numbers o f  0.04, 
0.08, and 0.11 ( t h e  maximum o b t a i n a b l e ) .  
The v e h i c l e  r e s u l t s  i n d i c a t e  a n o i s e  decrease w i t h  forward speed throughout  
t h e  Doppler-shif ted s t a t i c  spectrum. T h i s  decrease a c r o s s  t h e  e n t i r e  f requency 
range was a l s o  appa ren t  i n  t h e  free-jet  r e s u l t s .  The s i m i l a r i t y  of t h e  r e s u l t s  
i n d i c a t e s  t h a t  t h e  effects  of f l i g h t  on j e t  mixing n o i s e  can be p r e d i c t e d  by 
s imula t ion  of  forward speed w i t h  a f ree  j e t .  
. Overa l l  sound p r e s s u r e  l e v e l s  were found t o  decrease w i t h  forward speed 
a t  a l l  emission a n g l e s  f o r  bo th  methods of t e s t i n g .  The fact  t h a t  tests w i t h  
a c t u a l  engines  i n  f l i g h t  show s i g n i f i c a n t  d i f f e r e n c e s  from t h e  r e s u l t s  observed 
i n  t he  p r e s e n t  tes ts  s t r o n g l y  s u g g e s t s  t h a t  t h e  f l i g h t  data - inc lude  i n s t a l l a -  
t i o n  e f fec ts  and/or  sou rces  o t h e r  t han  pure  j e t  mixing n o i s e .  
I N T R O D U C T I O N  
The effect  of a i r c ra f t  motion on t h e  n o i s e  r ece ived  from j e t  engines  has  
been a s u b j e c t  of much i n v e s t i g a t i o n  and con t rove r sy  over  t he  p a s t  f e w  y e a r s .  
It  had g e n e r a l l y  been accepted t h a t  j e t  n o i s e  i n  f l i g h t  should  be reduced from 
Its s t a t i c  l e v e l  due t o  t he  reduced shear r e s u l t i n g  from t h e  lower r e l a t i v e  
v e l o c i t y  between t h e  j e t  and i t s  sur roundings .  Measurements wi th  a number o f  
a i r c r a f t  r e p o r t e d  by Bushe l l  ( r e f .  I ) ,  however, showed a smaller f l i g h t  b e n e f i t  
t han  expec ted ,  and even i n d i c a t e d  a n  adve r se  effect  i n  t h e  forward d i r e c t i o n .  
Other i n v e s t i g a t i o n s  u t i l i z i n g  a c t u a l  motion between t h e  j e t  and o b s e r v e r  
( refs .  2 and 3) g e n e r a l l y  show t h e  same ef fec ts  as t h e  f l i g h t  tests. On t h e  
o t h e r  hand, exper iments  u s i n g  s imula ted  forward motion,  such  as wi th  a free j e t  
(refs.  4 t o  6 )  o r  wind t u n n e l  (refs.  7 and 81, have n o t  produced data i n d i c a t -  
i n g  an  adve r se  effect  of  f l i g h t  on j e t  n o i s e .  
There were two purposes  of  t he  exper iments  r e p o r t e d  h e r e i n .  The first was 
t o  test a model subson ic  j e t  i n  a c t u a l  forward motion i n  such a manner as t o  
e l i m i n a t e  n o i s e  s o u r c e s  o t h e r  t h a n  t h o s e  r e s u l t i n g  from jet mixing. T h i s  was 
accomplished by p l a c i n g  t h e  model nozz le  above a n  automobile  and d r i v i n g  p a s t  
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s t a t i o n a r y  microphones.  The second purpose w a s  t o  use t h e  same nozz le  i n  a n  
anechoic  environment wi th  a free j e t  s i m u l a t i n g  t h e  forward motion so t h a t  t he  
two methods of o b t a i n i n g  forward speed effects on j e t  mixing n o i s e  could  be 
compared. 
SYMBOLS 
Values are g i v e n  i n  bo th  SI and U.S. Customary Un i t s .  The measurements 
and c a l c u l a t i o n s  were made i n  U.S. Customary Un i t s .  
f f requency 
M Mach number of  v e h i c l e  o r  free j e t  
model j e t  e x i t  Mach number M J  
= M j - M  
m r e l a t i v e  v e l o c i t y  exponent 
OAPSL o v e r a l l  sound p r e s s u r e  l e v e l ,  dB 
PSD power s p e c t r a l  d e n s i t y ,  dB 
e emiss ion  a n g l e  ( v e h i c l e  t es t :  a n g l e  between downstream j e t  
c e n t e r  l i n e  and obse rve r  a t  emiss ion  time; f ree- je t  tes t :  
a n g l e  t h a t  would e x i s t  between downstream j e t  c e n t e r  l i n e  
and o b s e r v e r  i f  obse rve r  was p o s i t i o n e d  wi th in  t h e  free j e t ,  
i . e . ,  obse rve r  a n g l e  c o r r e c t e d  f o r  r e f r a c t i o n  e f f ec t s ) ,  deg 
TESTS WITH VEHICLE 
The n o i s e  gene ra t ed  by t h e  automobile  i n  motion was estimated from p r e v i o u s  
t e s t s  t h a t  u t i l i z e d  t h i s  v e h i c l e  w i t h  a p o i n t  sound source  ( r e f .  9 ) .  S i n c e  t h e  
v e h i c l e  n o i s e  i s  predominant ly  low-frequency n o i s e ,  a high-pass  f i l t e r  can be 
used t o  suppres s  much of t h i s  background n o i s e .  T h i s  n e c e s s i t a t e s  t h e  use  of  a 
high-speed, small-diameter j e t  t o  main ta in  t h e  s p e c t r a l  peak of  t h e  j e t  n o i s e  
above t h e  low-frequency c u t o f f .  Hence, a 2.54-cm (1.00-in.)  ex i t -d iameter  noz- 
z l e  run  a t  a nominal Mach number of 0.85 was chosen a l o n g  wi th  a 500-Hz high-  
p a s s  f i l t e r .  S i n c e  t h e  s p e c t r a l  peak of j e t  n o i s e  cor responds  t o  a S t r o u h a l  
number n e a r  0.25, t h i s  peak should  then  occur  a t  about  3 kHz. 
A more obvious r eason  f o r  t h e  h igh  j e t  e x i t  v e l o c i t y  was t o  o b t a i n  j e t  
no i se  l e v e l s  above t h a t  of t h e  v e h i c l e  n o i s e  throughout  most of  t h e  s p e c t r a .  
Also, t h e  h igh  j e t  l e v e l s  a s s u r e d  minimum contaminat ion  from upstream va lve  
n o i s e .  
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Test Se tup  
The nozzle f low was provided by a 0.038-m3 ( 10-gal) high-flow accumulator  
f i l l e d  w i t h  n i t r o g e n  t o  14 MPa (2000 p s i ) .  The accumulator  was mounted i n  t h e  
t r u n k  o f  t h e  v e h i c l e  a l o n g  wi th  a r e g u l a t i n g  system se t  t o  reduce t h e  p r e s s u r e  
t o  y i e l d  t h e  d e s i r e d  flow rate .  
between 2 and 3 sec of c o n s t a n t  mass flow could be ob ta ined .  
For t h e  chosen e x i t  Mach number o f  0.85, 
The d i s c h a r g e  from t h e  p r e s s u r e  r e g u l a t o r  passed through f l e x i b l e  t u b i n g  
i n t o  t h e  passenger  compartment of t h e  v e h i c l e  where t h e  i n s t r u m e n t a t i o n  o b s e r v e r  
could t u r n  t h e  f low on and o f f  w i th  a small hand va lve .  The gas t h e n  e n t e r e d  
t h e  long  5-cm (2-in. )  outs ide-diameter  aluminum t u b i n g  t h a t  passed through t h e  
roo f  o f  t h e  veh ic l e  and t e rmina ted  wi th  t h e  2.54-cm (1.00-in.)  i n s ide -d iame te r  
nozz le .  T h i s  t u b i n g  was supported by guy wires f a s t e n e d  t o  t h e  v e h i c l e  body 
( f i g .  1 ) .  
The j e t  n o z z l e  was machined t o  s l i d e  ove r  a l i p  c u t  o u t  o f  t h e  supp ly  
tube t o  ma in ta in  smooth c o n t o u r s  both i n t e r n a l l y  and e x t e r n a l l y .  The i n t e r -  
n a l  nozz le  geometry al lowed t h e  flow t o  converge from t h e  supply t u b e  diame- 
t e r  (4.45 cm (1.75 i n . ) )  t o  t h e  n o z z l e  e x i t  d i ame te r  (2.54 cm (1.00 i n . ) )  i n  
a l e n g t h  o f  5.08 c m  (2 .00 i n . ) .  The n o z z l e  t e rmina ted  with an a d d i t i o n a l  
1.27-cm (0.50-in.)  s t r a i g h t  s e c t i o n .  The n o z z l e  e x i t  l i p  t h i c k n e s s  was 
0.08 c m  (0.03 i n . ) .  
The nozz le  and microphones were p o s i t i o n e d  approximately 7.6 m (25  f t )  
above t h e  ground. S i n c e  t h e  c l o s e s t  approach d i s t a n c e  between v e h i c l e  and 
microphones was about  11 m (38 f t ) ,  t h e  h e i g h t  o f  t h e  n o z z l e  and microphones 
a s su red  t h a t  t he  large d i p s  i n  t h e  n o i s e  s p e c t r a  due t o  ground r e f l e c t i o n s  were 
below t h e  f i l t e r  c u t o f f  f requency (500 Hz) f o r  a l l  t h e  a n g l e s  a t  which measure- 
ments were made. Hence, d e v i a t i o n s  i n  t h e  observed s p e c t r a  due t o  r e f l e c t i o n s  
were l i m i t e d  t o  a r e l a t i v e l y  c o n s t a n t  i n c r e a s e  o f  0 t o  3 dB throughout t h e  mea- 
su red  spectra .  
The j e t  e x i t  Mach number was determined from an impact probe p o s i t i o n e d  i n  
t h e  supp ly  t u b e  j u s t  above t h e  roof of t h e  v e h i c l e .  T h i s  probe w a s  c a l i b r a t e d  
a g a i n s t  a similar probe p l aced  a t  t h e  n o z z l e  e x i t  t o  determine t h e  p r e s s u r e  drop 
between t h e  supp ly  tube  probe and t h e  nozz le  e x i t  p l ane .  T h i s  p r e s s u r e  drop 
was found t o  be 12 kPa (1 .8  p s i )  f o r  e x i t  Mach numbers between 0.80 and 0.90. 
The supp ly  tube  impact probe r e a d i n g  was recorded a long  with t h e  v e h i c l e  
speed on a s t r i p  c h a r t  l o c a t e d  i n s i d e  t h e  v e h i c l e .  Only t h o s e  r u n s  y i e l d -  
i n g  a p r e s s u r e  corresponding t o  e x i t  Mach numbers between 0.83 and 0.86 were 
r e t a i n e d .  Assuming a n  e i g h t h  power dependence of j e t  n o i s e  on v e l o c i t y ,  t h e  
maximum p o s s i b l e  changes i n  t h e  o v e r a l l  sound p r e s s u r e  l e v e l  (OASPL) due t o  
e x i t  Mach number v a r i a t i o n s  can then  be c a l c u l a t e d  t o  be 1.6 dB. V a r i a t i o n s  
i n  v e l o c i t y  due t o  t h e  d e c r e a s i n g  accumulator  t empera tu re  ( c a l c u l a t e d  t o  be 
less than 5 K ( 9 0  F) p e r  s e c )  were i n s i g n i f i c a n t  d u r i n g  t h e  s h o r t  data-sampling 
times. 
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Test Procedure  
The t e s t  v e h i c l e  was d r i v e n  over  an  a s p h a l t  s u r f a c e  p a s t  s i d e l i n e  micro- 
phones a t  a c o n s t a n t  speed w i t h i n  the  test  s e c t i o n  ( f ig .  2 ) .  The ins t rumenta-  
t i o n  obse rve r  w i t h i n  t h e  v e h i c l e  a c t i v a t e d  t h e  nozz le  supp ly  c o n t r o l  va lve  a t  a 
s u f f i c i e n t  d i s t a n c e  from the t e s t  s e c t i o n  t o  e n s u r e  o b t a i n i n g  t h e  des i r ed  f low 
rate  a t  t h e  p rope r  time. He then  recorded  on t h e  s t r i p  chart t h e  i n s t a n t s  a t  
which t h e  v e h i c l e  e n t e r e d  and l e f t  the test  s e c t i o n .  The s t r i p  chart  was 
checked t o  ensu re  t h a t  the  v e h i c l e  dev ia t ed  by no more t h a n  +2 percen t  of t h e  
nominal speed and t h a t  t h e  supply  tube  p r e s s u r e  was main ta ined  w i t h i n  t h e  
s p e c i f i e d  l i m i t s  d u r i n g  t h e  time t h e  v e h i c l e  was w i t h i n  t h e  t es t  s e c t i o n .  
S i x  s i d e l i n e  microphones were p o s i t i o n e d  a t  3-m ( 1 0 - f t )  i n t e r v a l s  p a r a l l e l  
t o  t he  p a t h  of the v e h i c l e .  S i n c e  t h e  nozz le  supply  system was l i m i t e d  t o  about  
2.5 sec,  measurements a t  a l l  a n g l e s  of i n t e r e s t  could n o t  be ob ta ined  du r ing  a 
s i n g l e  run .  Hence, each run  was set  up t o  o b t a i n  data f o r  a s i n g l e  emission 
ang le .  The v e h i c l e  p o s i t i o n  w i t h  r e s p e c t  t o  t h e  microphones was determined by 
l o n g  metal s t r i p s  t h a t  func t ioned  as electrical  switches. These were p laced  
pe rpend icu la r  t o  t h e  p a t h  of  t he  v e h i c l e  and were a c t i v a t e d  by i t s  t i r e s .  The 
s i g n a l s  produced by t h e s e  switches were recorded  a long  w i t h  t h e  microphone sig- 
n a l s .  
motion such  tha t  t h e  midpoint of t h e  s i g n a l  corresponded t o  t h e  d e s i r e d  nozzle-  
microphone a n g l e  a t  the  emiss ion  time. ( T h i s  r e s u l t e d  i n  t h e  p rocess ing  of t h e  
s i g n a l  over  the  emission a n g l e s  from 8 3 O  t o  97O a t  t h e  nominal ang le  of c l o s e s t  
approach ( g o o ) . )  Hence, d a t a  segments ranged from 76 msec a t  t h e  h ighes t  vehi-  
c l e  speed t o  227 msec a t  t h e  lowes t  speed.  Vehicle background n o i s e  was mea- 
su red  us ing  t h e  same procedure wi thout  t h e  j e t  a c t i v a t e d .  
Each microphone s i g n a l  was analyzed o n l y  ove r  3 m ( I O  f t )  o f  v e h i c l e  
S t a t i c  j e t  n o i s e  data a t  each emission a n g l e  were ob ta ined  from two of t h e  
s i x  microphones. The s t a t i o n a r y  v e h i c l e  was p o s i t i o n e d  such t h a t  t h e  two micro- 
phones were l o c a t e d  a t  the extreme ang les  of the  cor responding  motion run (83O 
and 97O f o r  c l o s e s t  approach) .  
F ive  discrete  emission a n g l e s ,  e q u a l l y  spaced from 30° t o  150°, were 
tes ted.  Vehicle Mach numbers of 0, 0.04, 0 .08,  and 0.12 were run  a t  a l l  f i v e  
ang le s ,  w i t h  the  excep t ion  t h a t  data were not  ob ta ined  a t  t h e  two upstream 
a n g l e s  a t  t he  h i g h e s t  speed  due t o  a s i g n i f i c a n t  masking o f  t he  j e t  s i g n a l  
by the  v e h i c l e  n o i s e .  Each tes t  cond i t ion  (cor responding  t o  a given v e h i c l e  
speed  and a n g l e )  was r epea ted  a number of times, r e s u l t i n g  i n  a t  l ea s t  2 sec of 
data per  cond i t ion .  
R e s u l t s  
Values of power s p e c t r a l  d e n s i t y  (PSD) were ob ta ined  us ing  a cons t an t  band- 
wid th  f i l t e r  of 78 Hz ove r  t h e  range from 500 Hz t o  20 kHz. Each acceptable 
d a t a  segment was ana lyzed  and those  cor responding  t o  a g iven  tes t  c o n d i t i o n  
were averaged.  
The va lues  o f  PSD f o r  a l l  t es t  c o n d i t i o n s  a t  an  emiss ion  ang le  of  30° are 
shown i n  f i g u r e  3. The background v e h i c l e  n o i s e  ( j e t - o f f  c o n d i t i o n )  i s  shown 
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as t h e  cont inuous traces i n  t h e  lower p a r t  of t h e  f i g u r e .  For c l a r i t y ,  each 
data po in t  shown f o r  the  je t -on cond i t ions  is an average  over  234 Hz rather 
than  78 Hz. Data a t  t h e  h i g h e s t  speed i n  t h e  frequency r eg ion  nea r  4.5 kHz 
are not  shown s i n c e  t h i s  r eg ion  was contaminated by background no i se  due t o  
a e o l i a n  tones  caused by t h e  guy wires suppor t ing  t h e  nozz le  supply tube .  
There i s  no d i s c e r n i b l e  d i f f e r e n c e  between t h e  s t a t i c  and motion spectrum 
a t  the  lowes t  v e h i c l e  speed.  A t  t h e  h ighe r  speeds ,  however, a l e v e l  d i f f e r e n c e  
can be no t i ced  over  a lmost  t h e  e n t i r e  spectrum. Th i s  d i f f e r e n c e  i n c r e a s e s  as 
t h e  v e h i c l e  speed is i n c r e a s e d .  Also noted is  t h e  expected Doppler s h i f t  o f  
t h e  peak frequency t o  lower v a l u e s  wi th  i n c r e a s i n g  speed.  
A be t te r  v i s u a l  comparison between t h e  s t a t i c  and motion s p e c t r a  can be 
made by account ing  f o r  t h i s  Doppler s h i f t .  T h i s  h a s  been done i n  f i g u r e s  4 
and 5 f o r  Mach numbers of 0.08 and 0.12, r e s p e c t i v e l y .  I n  each f i g u r e  t h e  
motion PSD is p l o t t e d  a g a i n s t  t he  frequency,  whereas t h e  s ta t ic  PSD is p l o t t e d  
a g a i n s t  f / ( l  + M c o s  e ) ,  where M is t h e  Mach number of  t h e  motion case. 
With, the  Doppler f a c t o r  t hus  inco rpora t ed ,  t h e  low-frequency p o r t i o n s  o f  
t h e  motion spectra are seen  t o  l i e  below t h e  s t a t i c  s p e c t r a  a t  a l l  emission 
a n g l e s .  A t  h igher  f r equenc ie s  these r e d u c t i o n s  are even l a r g e r  i n  t h e  forward 
d i r e c t i o n ,  bu t  smaller i n  t h e  downstream d i r e c t i o n .  T h i s  phenomenon could  be  
due t o  a r educ t ion  i n  shear as t h e  forward speed is inc reased .  T h i s  r e d u c t i o n  
r e s u l t s  i n  h ighe r  f requency n o i s e  being refracted less  and hence directed more 
toward t h e  downstream j e t  a x i s .  Other than t h i s  s l i g h t  f requency dependence, 
t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  effect  of  r e l a t i v e  v e l o c i t y  'is t o  reduce t h e  
e n t i r e ,  Doppler-shif ted s t a t i c  spectrum i n  both  t h e  forward and a f t  d i r e c t i o n s .  
P o r t i o n s  of  some of  t h e  motion s p e c t r a  i n  f i g u r e s  4 and 5 are n o t  shown 
because of contaminat ion by background ( v e h i c l e  and guy-wire) n o i s e .  Because 
of  t h i s ,  o v e r a l l  sound p r e s s u r e  l e v e l s  could  n o t  be obta ined  from t h e  power 
s p e c t r a l  d e n s i t i e s  f o r  a number of t es t  c o n d i t i o n s .  Hence, t hese  o v e r a l l  l e v -  
els were estimated by t h e  procedure o u t l i n e d  i n  f i g u r e  6 .  The PSD f o r  each 
motion cond i t ion  was compared with t h e  cor responding  PSD of t h e  background 
n o i s e .  For t hose  f r e q u e n c i e s  where t h e  d i f f e r e n c e  w a s  7 dB or greater,  t h e  
motion PSD was compared with t h e  s t a t i c  PSD t o  o b t a i n  a s ta t ic - to-mot ion  d i f -  
f e r ence  a t  these f r e q u e n c i e s .  An average o f  these d i f f e r e n c e s  was then  sub- 
tracted from the s ta t ic  OASPL t o  o b t a i n  t he  estimated OASPL of t h e  motion run. 
Although there are i n h e r e n t  e r r o r s  i n  t h i s  method o f  o b t a i n i n g  t h e  OASPL, 
agreement wi th in  0.1 dB was found between the  estimated r e s u l t  and t h a t  
obta ined  d i r e c t l y  from t h e  PSD f o r  a l l  cases where t h e  e n t i r e  spectrum was 
uncontaminated by background no i se .  
The estimated o v e r a l l  sound p r e s s u r e  l e v e l s  are shown i n  f i g u r e  7 a long  
wi th  t h e  r e s u l t s  computed from the  contaminated power s p e c t r a l  d e n s i t i e s .  It 
can be seen  t h a t  there is a c o n s i s t e n t  decrease i n  t h e  estimated OASPL w i t h  
i n c r e a s i n g  forward v e l o c i t y  a t  all emission a n g l e s ,  as expected from t h e  spec- 
t r a l  comparisons of  f i g u r e s  4 and 5. 
5 
. 
TESTS WITH FREE JET 
The free je t  used t o  s imula t e  forward motion was l i m i t e d  t o  a maximum 
Mach number of 0.11. P o s i t i o n i n g  of t h e  model jet i n  t h e  Langley anechoic  
n o i s e  f a c i l i t y  res t r ic ted  measurements i n  t h e  upstream d i r e c t i o n  t o  120O. 
Other  than  these l i m i t a t i o n s ,  t e s t  c o n d i t i o n s  wi th  t h e  v e h i c l e  were repea ted  
us ing  t h e  free j e t .  A i r  w a s  used i n s t e a d  of  pure  n i t r o g e n  f o r  t h e  model j e t .  
Test Se tup  
The free j e t  exhaus ted  v e r t i c a l l y  from a 1.2-m ( 4 . 0 - f t )  diameter nozz le  
i n t o  an anechoic  environment.  The 2.54-cm (1 .00- in . )  model j e t  nozz le  was 
pos i t i oned  a t  t h e  c e n t e r  of  t h e  free j e t  as shown i n  figure 8. 
(0 .5- in . )  condenser  microphone designed f o r  f ree-f ie ld  l i n e a r  response  up t o  
a t  least 20 kHz was l o c a t e d  on a boom t h a t  t r a v e r s e d  an  arc about  t h e  c e n t e r  
of  t h e  model nozz le  e x i t  p l ane  on a 3.7-m ( 1 2 - f t )  r a d i u s .  
A 1.3-cm 
Test Procedure 
With t h e  model j e t  maintained a t  a Mach number of 0.85 t h e  free j e t  was 
run a t  t h e  s t a t i c  c o n d i t i o n  (no f low) ,  and Mach numbers of 0.04, 0.08, and 
t h e  maximum a v a i l a b l e ,  0.11. For each tes t  c o n d i t i o n  t h e  microphone was he ld  
s t a t i o n a r y  a t  discrete a n g l e s ,  from t h e  downstream c e n t e r  l i n e ,  ranging  from 
30° t o  120°. 
R e s u l t s  
The n o i s e  gene ra t ed  above 500 Hz by t h e  f ree  j e t  was i n s i g n i f i c a n t  a t  a l l  
t es t  cond i t ions .  Hence, t h e  problems a s s o c i a t e d  with background no i se  p r e s e n t  
i n  t h e  v e h i c l e  tests were nonex i s t en t  dur ing  t h e  tests wi th  the  f r e e  j e t .  How- 
eve r ,  t h e  presence of t h e  f r e e - j e t  shear l a y e r  r e q u i r e s  c o r r e c t i o n s  t o  co r re -  
l a t e  n o i s e  emission a n g l e  wi th  obse rve r  ang le .  
Acoust ic  p r e s s u r e  power s p e c t r a l  d e n s i t y  measurements u s ing  a 400-Hz band- 
width are  shown i n  f i g u r e  9 f o r  t h e  t e s t  c o n d i t i o n s  corresponding t o  an  obse rve r  
a n g l e  of 900, t h e  a n g l e  a t  which t h e  shear l a y e r  c o r r e c t i o n s  are a t  a minimum. 
The same obse rva t ion  can be made h e r e  as wi th  t h e  v e h i c l e  test  - r e l a t i v e  motion 
t e n d s  t o  dec rease  t h e  j e t  n o i s e  l e v e l  throughout  t h e  spectrum. 
The t r u e  emiss ion  a n g l e s  corresponding t o  t he  measured r e su l t s  were com- 
puted i n  t h e  s t anda rd  manner ( r e f .  10) under t h e  assumption t h a t  t h e  no i se  o r i g -  
i n a t e s  a t  t h e  nozz le  e x i t .  (Amplitude c o r r e c t i o n s  due t o  t h e  s h e a r  l a y e r  were 
found t o  be less than  0.5 dB f o r  a l l  t es t  c o n d i t i o n s ,  and hence were n e g l e c t e d . )  
The measured OASPL is given  i n  f i g u r e  10 as a f u n c t i o n  of the  computed emiss ion  
ang le .  Again, a dec rease  i n  t h e  OASPL is observed a t  a l l  ang le s  w i t h  i n c r e a s i n g  
forward speed.  
6 
COMPARISON OF RESULTS 
The d i f f e r e n c e  i n  sound p r e s s u r e  l e v e l  between s t a t i c  and motion c o n d i t i o n s  
is g e n e r a l l y  c o r r e l a t e d  a g a i n s t  t h e  r a t i o  of  j e t  v e l o c i t y  t o  r e l a t i v e  v e l o c i t y  
( t h e  d i f f e r e n c e  between j e t  and forward v e l o c i t i e s ) .  
should y i e l d  c o n s i s t e n t  r e s u l t s  f o r  f l i g h t  s imula t ion  s t u d i e s  ( f ree  j e t  or wind 
t u n n e l )  s i n c e  t h e r e  is  no r e l a t i v e  motion between t h e  j e t  and t h e  obse rve r .  
However, i n  a c t u a l  f l i g h t  t h e  Doppler effect  r e s u l t s  i n  a frequency s h i f t  of 
t h e  e n t i r e  spectrum, s o  t h i s  t y p e  of comparison ( p a r t i c u l a r l y  when done on a 
frequency-by-frequency basis)  can be mis leading .  Never the less ,  i n  o r d e r  t o  
reassert t h e  main f i n d i n g s  of t h i s  r e p o r t  i n  a f a sh ion  t h a t  is  commonly pre- 
s e n t e d ,  t h e  s t a t i c - to -mot ion  OASPL d i f f e r e n c e s  are g iven  i n  f igure 11 as a func- 
t i o n  of 10 log M j / M r e l  f o r  bo th  series of tes ts .  The effects due t o  convec- 
t i o n  t h a t  are sometimes sub t r ac t ed  from the  OASPL d i f f e r e n c e  be fo re  t h i s  type  
of c o r r e l a t i o n  is  made (ref.  7 )  were computed t o  be  less  than  0.4 dB for a l l  
test  c o n d i t i o n s  and hence were neg lec t ed .  
T h i s  t ype  of comparison 
The u n c e r t a i n t y  due t o  t h e  procedure used i n  e s t i m a t i n g  t h e  OASPL f o r  t h e  
v e h i c l e  tests leads t o  t h e  c o n s i d e r a b l e  s c a t t e r  shown i n  f i g u r e  11. The rela- 
t i v e  v e l o c i t y  exponent m l i e s  somewhere between 3 and 6.  The data u n c e r t a i n t y  
as w e l l  as t h e  t e s t  l i m i t a t i o n s  of high j e t  ve loc i ty / low forward speed p reven t  
a r easonab le  estimate of t h i s  exponent or its v a r i a t i o n  w i t h  emission ang le .  
Neve r the l e s s ,  an  i n c r e a s e  i n  n o i s e  r e d u c t i o n  w i t h  i n c r e a s i n g  forward speed i s  
aga in  c l e a r l y  i n d i c a t e d  a t  a l l  a n g l e s  a t  t h e s e  low v e l o c i t i e s  f o r  both t e s t i n g  
methods. 
CONCLUDING REMARKS 
The effects  of motion on t h e  n o i s e  produced by a small j e t  were ob ta ined  
i n  tests u s i n g  an automobile  and a free je t  t o  provide  both a c t u a l  and simu- 
la ted  forward speed.  Comparisons of t h e  measured power s p e c t r a l  d e n s i t i e s  i n d i -  
c a t e  t h a t  t he  n o i s e  is  reduced w i t h  i n c r e a s i n g  forward speed a t  a l l  emission 
a n g l e s  f o r  both methods of t e s t i n g .  The g e n e r a l  agreement i n  t h e  r e s u l t s  from 
t h e  two methods i n d i c a t e s  t h a t  t h e  effects of  f l i g h t  on j e t  mixing n o i s e  should 
be o b t a i n a b l e  from free-jet tests. The fac t  t h a t  t h e  adve r se  effects  seen  i n  
f l i g h t  t e s t i n g  of a c t u a l  j e t  engines  do not  appear  h e r e  s t r o n g l y  s u g g e s t s  t h a t  
these effects  are due t o  reasoms o t h e r  than  pure j e t  mixing n o i s e .  
Langley Research Center  
Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion  
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F igure  1.-  T e s t  v e h i c l e  w i th  model j e t  i n s t a l l e d .  
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Figure 3.- Measured power s p e c t r a l  d e n s i t i e s  f o r  je t  and veh ic l e  noise  
a t  30° emission angle .  
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Figure  4.-  Comparison of motion s p e c t r a  wi th  Doppler-shif ted s t a t i c  s p e c t r a  
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Figure 5.- Comparison o f  motion s p e c t r a  with Doppler-shifted s t a t i c  s p e c t r a  
f o r  M 0 .12.  (Moving veh ic l e  t e s t s . )  
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Figure  5.- Concluded. 
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Figure 6.- Procedure for obtaining estimated OASPL for tests with vehicle. 
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F igure  7.- V a r i a t i o n  o f  o v e r a l l  sound p r e s s u r e  l e v e l  wi th  forward v e l o c i t y .  
(Moving v e h i c l e  tests.)  
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Figure 9.- Power spectral  densi t ies  from free- je t  t e s t  a t  90° observer angle. 
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Figure  10.- Overa l l  sound p r e s s u r e  l e v e l s  i n c l u d i n g  angu la r  r e f r a c t i o n  
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Figure  1 1 . -  Change i n  o v e r a l l  sound p r e s s u r e  l e v e l  between s t a t i c  and 
motion c o n d i t i o n s .  
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